Two bifunctional diaminoterephthalate (DAT) fluorescence dyes were prepared in a three-step sequence including one deprotection reaction. One functional unit is α-lipoic acid (ALA) for binding the dye to gold surfaces. It was introduced to the DAT scaffold by an amidation reaction. The other functional unit is a para-(trifluoromethyl)benzyl group for facile detection of the surface-bound material by X-ray photoelectron spectroscopy (XPS). This residue was introduced by reductive amination of the DAT scaffold with the respective benzaldehyde derivative. In one compound (60% yield over three steps) the ALA unit is directly bound to the DAT as a relatively electron-withdrawing amide. In solution (CH 2 Cl 2 ), this material shows strong fluorescence (quantum yield 57% with emission at 495 nm, absorption maximum at 420 nm). The other compound (57% yield over three steps) possesses a propylene spacer between the ALA and the DAT units for electronic decoupling, thus, bathochromic shifts are observed (absorption at 514 nm, emission at 566 nm). The quantum yield is, however, lower (4%). Self-assembled monolayers on a gold surface of both compounds were prepared and characterized by high-resolution XPS of the C 1s, O 1s, S 2p, N 1s and F 1s emissions. The high signal-to-noise ratios of the F 1s peaks indicated that trifluoromethylation is an excellent tool for the detection of surface-bound materials by XPS.
Introduction
Diaminoterephthalates (DATs) are powerful fluorescence dyes [1, 2] with outstanding properties such as high quantum yields and pronounced stability against photobleaching [3] [4] [5] . Although being structurally relatively simple, this class of dyes is so far underrated in the literature. The chromophore, which is accessed from succinyl succinates and primary amines [6, 7] , can be regarded as a molecular scaffold [8] , which can be orthogonally equipped with different functional units [9] by simple transformations. Thus, different applications in materials science [10] and life sciences [11, 12] can be addressed by Figure 1 : Bifunctional DAT as a cross-linker for proteins. The compound is a turn-on-probe, i.e., the fluorescence quantum yield Φ = 2% increased upon reaction with the target to Φ = 41%. tailored functional DATs. As an example for an application in biochemistry, Figure 1 shows a compound with cyclooctyne and maleimide as functional units. It was used as a "turn-on" fluorescence probe for cross-linking proteins [13] . The highly reactive cyclooctyne residue undergoes 1,3-dipolar cycloadditions with organoazides (copper-free click reactions) [14] . The second functional unit, the maleimide moiety, is a reactive probe for mercaptane, which could be, e.g., a protein holding a cysteine residue on its surface [15] [16] [17] . The successful ligation by conjugated addition can be followed by the changes of the fluorescence quantum yields (i.e., "turn-on effect") [11] [12] [13] .
Modification of solid surfaces by defined layers of organic compounds raised significant interest in the last century. Those modifications can be fairly simple as in the case of alkanethiolate layers on gold [18] yet have a number of applications in sensorics [19] , microcontact printing [20] , dip-pen nanolithography [21] , microfluidics [22] , and protection of nanoparticles [23] . Initially, surface modification aimed on controlling physical properties of surfaces [24, 25] , while nowadays chemical surface properties can be tuned to yield platforms for the study of electron transfer [26, 27] or for building surface molecular devices for different purposes, commonly called integrated molecular systems [19] . These molecular systems are mainly used for pH sensing [28] [29] [30] , inorganic- [31] [32] [33] , organic-and biosensors [34, 35] . Self-assembled monolayers (SAMs) can also be triggered electrochemically to perform reactions on the surfaces. These "dynamic" surfaces allow the "turn-on" of active states upon application of electrochemical potentials, for instance, for the addition of compounds to surfaces or for the control of cell adhesion [36] [37] [38] .
Characterization of such integrated molecular systems constitutes a substantial challenge (as compared to the structural characterization of soluble organic compounds) because (1) different compounds are potentially present on the surface and cannot be separated; (2) some powerful techniques, especially NMR and MS with soft ionizations are not applicable; and (3) the total amount of material is extremely small (i.e., about 10 −9 mol·cm −2 ) [39] . X-ray photoelectron spectroscopy (XPS) is one of the few suitable methods for detection of surfaceimmobilized compounds and changes on the surfaces. However, due to similar chemical shifts in binding energies, fragments of larger organic compounds are not easily distinguished. Labeling molecular entities with elements possessing large excitation cross sections like fluorine, chlorine, or bromine [40] represents an approach that can greatly simplify the detection of molecular reactions (cleavage, anchoring) in monolayers after their assembly on surfaces.
In the course of our project on surface modifications by redoxactive SAMs, we envisioned a bifunctionalized DAT as suitable building block. Surface binding to a metal support, e.g., gold, should be accomplished by an α-lipoic acid (ALA) residue. Furthermore, a fluorine-substituted moiety bound to DAT shall facilitate detection by XPS.
Results and Discussion
Synthesis. The preparation of DAT-ALA conjugate 3 with a fluorinated residue started from mono-carbamate-protected diethyl DAT 1 (Scheme 1). Compound 1 was accessed in three steps from diethyl succinate according to Wu et al. [41] . Reductive amination with trifluoromethylated benzaldehyde was accomplished with a mixture of ZnCl 2 and NaBH 3 CN [42] yielding the respective N-benzylated compound 2 in good yield. After subsequent N-Boc-deprotection with TFA (product 4 in quantitative yield), the primary amino function was amidated with racemic α-lipoic acid (ALA) in the presence of COMU-DIPEA [COMU = (1-cyano-2-ethoxy-2-oxoethylideneaminooxy)(dimethylamino)(morpholino)carbenium hexafluorophosphate, DIPEA = ethyldiisopropylamine] [43] as coupling reagent to the first title compound 3 in 71% yield. Due to the electron-withdrawing amide group, the chromophore is relatively electron deficient (absorption at 420 nm and emission at 495 nm). In order to achieve a bathochromic shift of absorption and emission bands, the DAT and ALA moieties should be electronically decoupled by introduction of a propylene spacer. Therefore, we started the synthesis with compound 5 (Scheme 2), which was accessed from compound 1 in two steps by reductive amination with N-Alloc-3-aminopropanal and subsequent N-Boc deprotection as reported recently [44] . Reductive amination with trifluoromethylated benzaldehyde was accomplished as described for compound 2 and furnished product 6 in 91% yield. The Alloc-protecting group was then cleaved (95% yield of product 8) in a palladium-catalyzed allylic substitution reaction with morpholine as a scavenger of the allylic cation [45, 46] . Finally, the primary amine 8 was coupled with ALA in the presence of COMU-DIPEA to furnish the second title com- XPS characterization of SAMs. SAMs were prepared from compounds 3 and 7 exploiting the strong binding affinity of the ALA residue to gold surfaces [52] . The resulting layers of compound 3 (SAM 3) and 7 (SAM 7) were characterized by XPS of the C 1s, O 1s, S 2p, N 1s and F 1s emissions ( Figure 2 for SAM 3, Figure 3 for SAM 7).
The largest contributions of the C 1s spectra at 284.4 eV (SAM 3) and 284.7 eV (SAM 7) correspond to the carbon atoms of the alkyl chains, the aromatic ring and the carbon bound to sulfur atoms ( Table 2 ). The peak at 285.5 eV (SAM 3 and SAM 7) corresponds to the carbon atoms with a higher binding energy due to the bond to one more electronegative atom (C−O and C−N) [53] . Figure 2 and Figure 3 show further C 1s peaks lying at binding energies of 288.5 eV, 290.6 eV, and 292.6 eV (SAM 3) and 288.5 eV, 290.9 eV, and 292.7 eV (SAM 7). The first component at 288.5 eV corresponds to the carbonyl carbon atom in the amide and ester functions, which are bond to two electronegative elements (O=C−O and O=C−N) that shift the binding energies to higher values. The broad contributions at 290.6 eV (SAM 3) and 290.9 eV (SAM 7) originate from multielectron excitations, i.e., from shake-up process at aromatic systems [54] . The components at 292.6 eV and 292.7 eV correspond to the carbon bound to three fluorine atoms causing a strong shift of binding energies outside the range typical for most organic compounds.
The O 1s spectrum of the monolayers consist of two components at 531.5 eV and 533.2 eV (SAM 3) and 531.6 eV and 533.3 eV (SAM 7) for oxygen atoms involved in the O=C and O−C bonds, respectively [55] . The slight deviation from the peak area ratio of 3:2 for I(531.5 eV)/I(533.5 eV), which is expected from the molecular structure of compounds 3 and 7, may be caused by residual adsorbed water that also causes an O 1s component at 533.0-533.5 eV [57, 58] .
The main doublet in the S 2p spectra of both monolayers at 161.8 eV corresponds to sulfur bound to gold [59] . Although, S 2p spectra were recorded first among all spectra there is indication of radiation damage by the doublet at 163.3 eV in SAM 7 ( Figure 3 ) [60] [61] [62] . This signal is not found in monolayers from SAM 3 ( Figure 2 ). [55] There is only one N 1s component at 399.3 eV which corresponds to all nitrogen atoms at both SAMs [63] . Fluorine atoms in the F 3 C group are detected at binding energies of 688.2 eV (SAM 3) and 688.4 eV (SAM 7) in agreement with the literature [55] , which is a typical value for the F 3 C group. The high signal-to-noise ratio, especially in comparison to the S 2p and N 1s signals, illustrates its suitability for molecular surface labeling.
Conclusion
Two bifunctional diaminoterephthalate (DAT) fluorescence dyes have been prepared. One functional unit is α-lipoic acid (ALA) for binding the dye to gold surfaces. The other carries a trifluoromethyl group for facile detection of the surface-bound material by X-ray photoelectron spectroscopy (XPS). In the first of two target structures, compound 3, the fluorinated residue was introduced by reductive amination of mono-N-Boc-protected diethyl DAT 1 with para-(trifluoromethyl)-substituted benzaldehyde. After N-deprotection, the ALA unit was introduced by amidation using a standard coupling protocol (with COMU-DIPEA). Compound 3 was accessed in 60% yield over three steps. In solution (CH 2 Cl 2 ), 3 shows strong fluorescence (quantum yield Φ = 57%) at λ em = 495 nm when irradiated at its absorption maximum at λ max = 420 nm. In order to achieve bathochromic shifts of the wavelengths, the electron-withdrawing ALA-amide unit was electronically decoupled from the DAT chromophore by introducing a propylene spacer. Thus, diethyl DAT was first equipped with an N-Alloc-protected 3-aminopropyl side chain at one nitrogen function following a literature protocol. This compound, 5, was then submitted to reductive amination with para-(trifluoromethyl)benzaldehyde. After Alloc deprotection, the side chain was amidated with ALA following the same COMU-DIPEA protocol as described for 3. The second target compound 7 was obtained in 59% yield over three steps. Indeed, the emission and absorption wavelengths in solution (CH 2 Cl 2 ) of compound 7 were bathochromically shifted (λ max = 514 nm, λ em = 566 nm). However, the quantum yield of 7 was on the other hand significantly lower (Φ = 4%). Self-assembled monolayers (SAMs) of both compound 3 and 7 were prepared on a gold surface. The elemental compositions of these two SAMs were characterized by high-resolution XPS of the C 1s, O 1s, S 2p, N 1s and F 1s emissions. As is indicated by the high signal-to-noise ratio of the F 1s peaks, the trifluoromethylation is an excellent tool for the detection of surface-bound materials by XPS. XPS of SAMs were recorded with ESCALAB 250 iX (Thermo Fisher, East Grinsted, UK) using a monochromatized Al K α excitation (1486.6 eV) and the magnetic lens mode. Data acquisition and spectra processing was performed with the Avantage software v. 5.52. After recording a survey spectrum, high-resolution spectra were obtained from the O 1s, F 1s, N 1s, C 1s and S 2p region with a pass energy of 30 eV, a step size of 0.05 eV and 50 ms dwell time. In order to avoid radiation damage of the SAMs, which becomes evident by the appearance of a second S 2p doublet at 163.3 eV/164.5 eV [60] [61] [62] , 35 scans were averaged from different regions of the same sample (area scan). The peak-fit analysis used the "smart background" from Avantage software and sum of Gaussian and Lorentzian contributions for each spectral component. The area ratio between S 2p 3/2 and S 2p 1/2 emissions from each state was fixed to 2:1. The graphs show the experimental points as dot, the sum curve as black line, the background as grey line and the spectral components as colored lines.
Diethyl 2-(tert-butoxycarbonyl)amino-5-[4-(trifluoromethyl)benzylamino]terephthalate (2):
In a similar manner as described in [44] , a solution of DAT 1 (0.567 mmol, 200 mg, 1.0 equiv) in CH 2 Cl 2 (3 mL) was added dropwise to a cooled (ice-water bath) suspension of 4-(trifluoromethyl)benzaldehyde (0.850 mmol, 148 mg, 1.5 equiv) in CH 2 Cl 2 (3 mL). After stirring the mixture for 15 min at ambient temperature, it was cooled (ice-water bath) and ZnCl 2 (0.23 mmol, 39 mg, 0.5 equiv) and NaBH 3 CN (0.85 mmol, 53 mg, 1.5 equiv) were added. Subsequently, the mixture was stirred for 2 d at ambient temperature, then diluted with water (25 mL) and extracted with CH 2 Cl 2 (3 × 25 mL). The combined organic layers were dried (MgSO 4 ) and evaporated after filtration. The residue was recrystallized (from hexanes/ 
Diethyl 2-amino-5-[4-(trifluoromethyl)benzylamino]terephthalate (4):
In a similar manner as described in [44] , TFA (3 mL) was added dropwise to a cooled (ice-water bath) solution of carbamate 2 (0.402 mmol, 205 mg) in CH 2 Cl 2 (3 mL).
The mixture was stirred for 19 h at ambient temperature and then poured into saturated aqueous NaHCO 3 solution (50 mL).
After stirring for 5 min at ambient temperature, it was extracted with CH 2 Cl 2 (3 × 50 mL 
Preparation of SAMs of compounds 3 and 7:
Gold surfaces were prepared onto cleaned glass slides as the support by depositing 0.5 nm of chromium by electron-beam evaporation as adhesion layer and 200 nm of gold by resistive heating using an evaporation chamber (minicoater, Tectra GmbH, Frankfurt, Germany). The thickness was monitored by means of a quartz crystal microbalance (Tectra GmbH, Frankfurt, Germany). The gold substrates were freshly prepared prior to each experiment. Compound 3 or compound 7 were dissolved in 20 mL ethanol (analytical grade, Fisher Chemicals) and diluted to a final concentration of 3 × 10 -4 mol·L -1 . The gold substrates were immersed in the ethanolic solutions of compound 3 or compound 7 immediately after preparation of the gold layer. The gold substrates were left in the ethanolic solution for selfassembly over 24 h, then removed and rinsed with copious amounts of ethanol (analytical grade, Fisher Chemicals) and eventually dried in an argon stream.
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